Introduction
Belimumab, a monoclonal antibody against soluble B lymphocyte stimulator (BLyS, also known as BAFF), has been shown to reduce disease activity in patients with systemic lupus erythematosus (SLE), but the need for defining patient subsets in which belimumab may be most beneficial still remains. Towards this goal, a deeper understanding of the interplay between immunity and environmental factors in disease severity and drug efficacy is essential.
Tobacco smoking is a major environmental risk factor that has been identified for inflammatory rheumatic diseases, with convincing data in SLE [1] [2] [3] [4] [5] [6] [7] [8] and rheumatoid arthritis (RA) [7] [8] [9] [10] [11] . In RA, smoking has been shown to decrease the efficacy of methotrexate and TNF inhibitors [12, 13] . In SLE, smoking has been found to contribute to the development of the disease, as well as to disease severity and organ damage [14, 15] .
Furthermore, smoking has been associated with the occurrence of antibodies to doublestranded (ds)DNA [3] and phospholipids [16] . In cutaneous SLE in particular, smoking has been shown to not only contribute to disease activity and damage [17, 18] , but also to decreasing the efficacy of antimalarial agents [19, 20] .
Post-hoc analyses of data from clinical trials of belimumab have suggested beneficial effects of belimumab in serologically active SLE patients [21] , as well as particularly beneficial effects in patients with mucocutaneous and articular SLE [22] . Real-life experiences have contributed to further evaluation of the efficacy of belimumab [23] [24] [25] [26] .
We recently documented decreasing disease activity during treatment with belimumab in 4 SLE patients from three Swedish tertiary referral centers, and a negative impact of smoking on the efficacy of the treatment [26] . In order to better understand this interaction, we expanded our survey to include investigation of the efficacy of belimumab in distinct organ domains, mucocutaneous and articular SLE in particular, and a potential impact of tobacco smoking on treatment outcomes in these specific organ domains. 5
Patients and methods

Patients
Sixty-two patients with active SLE despite standard of care treatment from the Karolinska (n=34), Skåne (n=19) and Linköping (n=9) University Hospitals treated with belimumab between 2011 and 2017 were enrolled in this prospective observational study. All patients fulfilled the 1982 revised criteria [27] and/or the Systemic Lupus International Collaborating Clinics criteria [28] for classification of SLE.
Belimumab was administered according to clinical routines, i.e. intravenously at a dose of 10 mg/kg at weeks 0, 2, 4, and every fourth week thereafter, unless individual adjustments were clinically indicated. The decision for treatment with belimumab was steered by the treating physician; no therapeutic intervention was applied for the purpose of the study.
For inclusion in this analysis, a minimum of six months of follow-up was required, with the exception of withdrawals due to adverse events and/or inadequate effect. Evaluation of the clinical effects of belimumab treatment was conducted at month 6 and month 12 from treatment initiation.
Written informed consent was obtained from all patients prior to recruitment. The study protocol was reviewed and approved by the regional ethics review boards in Stockholm, Lund and Linköping. 
Evaluation of mucocutaneous and musculoskeletal manifestations
Global SLE disease activity was assessed using the SLE disease activity index 2000 (SLEDAI-2K) [29] . We evaluated the mucocutaneous activity using the sum of the mucocutaneous descriptors of the SLEDAI-2K, i.e. rash, alopecia, and mucosal ulcers (herein termed mcSLEDAI-2K). In patients from the Karolinska University Hospital, mucocutaneous activity and damage were additionally assessed using the cutaneous lupus erythematosus disease area and severity index (CLASI) [30] . For the purpose of adjustment in logistic regression models, we also used the mucocutaneous descriptors of the Systemic
Lupus International Collaborating Clinics/American College of Rheumatology Damage
Index (SDI) [31], i.e. scarring alopecia, extensive scarring of panniculus other than scalp and pulp space, and skin ulceration (SDI skin domain), since SDI assessments were available in the entire patient cohort. Musculoskeletal activity was evaluated using the arthritis descriptor of SLEDAI-2K, and in patients from the Karolinska University Hospital, the 28-joint count was additionally used [32] .
Definitions
Improvement in the mcSLEDAI-2K was defined as a negative score shift in at least one of the mucocutaneous descriptors and no new onset in the other ones, i.e. a reduction of at least two points, representing a greater change than the suggested minimal clinically meaningful SLEDAI-2K improvement (≥1 points) [33] . The CLASI activity score was used to stratify the patients into groups of none or mild (CLASI activity score 0-9), moderate (score 10-20) and severe (score 21-70) mucocutaneous disease, and CLASI activity improvement was defined as a ≥4-point and/or ≥20% decrease in the CLASI activity score [34] . Improvement in the arthritis descriptor of SLEDAI-2K was defined as a negative 7 descriptor score shift (from 4 to 0). Severe joint involvement was defined as ≥8 tender and ≥8 swollen joints in the 28-joint count, simultaneously manifest [35] .
Statistics
For comparisons between baseline and subsequent time points, the non-parametric Wilcoxon signed-rank test was used. The Pearson's chi-square or Fisher's exact tests were used to investigate contingent associations between binominal samples, and logistic regression was applied when adjustment for possible confounding factors was indicated and applicable. P-values <0.05 were considered statistically significant. Statistical analysis was performed using the IBM SPSS Statistics 24 software. The GraphPad Prism 7 software was used for the construction of graphs.
Results
Baseline characteristics of the patients are presented in Table 1 Results are presented in detail in Table 2 . Due to the limited number of patients, both mean (range) and median (interquartile range) values are reported. The changes reported derived from analysis based on completers only rather than intention-to-treat. In five patients, belimumab was discontinued earlier than six months of follow-up due to adverse events (n=4) or inadequate effect (n=1); these patients were excluded from analyses requiring follow-up data. Numbers of observations are displayed in Table 2 .
Mucocutaneous domain
At baseline, the mean mcSLEDAI-2K score was 2.3 (range 0-6; n=62), and 44/62 (71.0%) patients had a mcSLEDAI-2K score >0 (Table 2) . CLASI assessments were available in 33 patients (mean baseline CLASI activity score: 8.4; range: 0-39); of these 33 patients, 21 patients had none or mild, 8 patients moderate, and 4 patients severe mucocutaneous disease ( Figure 1 ). Patients with no mucocutaneous activity at baseline were also considered in the comparative analyses between baseline and month 6 or 12 to ensure that contingent new onset of mucocutaneous symptoms was not omitted from the results.
Of the 44 patients with baseline mcSLEDAI-2K score >0, five patients had withdrawn at month 6; among patients remaining on treatment (n=39), 24 patients (61.5%) met the definition of mcSLEDAI-2K improvement. At month 12, 24/34 patients (70.6%) had improved while nine patients had withdrawn either due to allergic reactions (n=2), inadequate effect (n=6), or pregnancy plans (n=1); one patient had not reached the 12month follow-up visit at the end of the observation. Nineteen patients (43.2%) had attained a mcSLEDAI-2K score of 0 at month 12. Twenty-seven patients had a CLASI activity score ≥1 at baseline; 20/26 patients (76.9%) met the definition of CLASI improvement at month 6, and 19/23 patients (82.6%) at month 12. None of these patients had a severe mucocutaneous disease (CLASI activity score ≥20) at month 12.
We observed decreased mcSLEDAI-2K scores from baseline to month 6 (mean: 1.1; range: 0-4; P<0.001) and month 12 (mean: 0.9; range: 0-6; P<0.001). We found decreased CLASI activity scores at month 6 (mean: 5.1; range: 0-25; P<0.001) and month 12 (mean: 3.3; range: 0-19; P<0.001) compared to baseline. Mucocutaneous activity was also found to decrease between month 6 and month 12 according to CLASI (P=0.011), but not according In Figure 2 , we display representative images to illustrate the treatment outcome with regard to cutaneous activity in three of the study participants.
Mucocutaneous damage
At baseline, the mean CLASI damage score was 1.1 (range: 0-6; n=33), and the mean SDI skin domain score was 0.24 (range: 0-2). We investigated potential change in mucocutaneous damage using the CLASI component for damage. We observed no significant worsening in the CLASI damage score through month 6 (mean score: 1.2; range: 0-6; P=0.655) or month 12 (mean score: 1.6; range: 0-10; P=0.102).
Analysis in relation to smoking status
Since mcSLEDAI-2K was available for all study participants, as opposed to CLASI which only was used at one of the centers, we based the investigation of the effects of smoking on mcSLEDAI-2K data only.
In total, 25/44 patients (56.8%) with mcSLEDAI-2K >0 at baseline had improved by month 12. Among current (n=4) and former smokers (n=13), seven patients improved in the mucocutaneous domain while 10 patients did not. In contrast, among patients who had never smoked (n=22), 18 patients improved and four patients did not (P=0.009; Pearson's chi-square test). In order to adjust for possible confounding factors, we conducted logistic regression analysis with mucocutaneous improvement as the dependent variable. The probability of poor response to belimumab was found to be more than six times higher in patients who had been exposed to tobacco smoking (odds ratio, OR: 6.4; 95% confidence interval, CI: 1.5-27.4; P=0.012), which remained unchanged and significant after adjustment for antimalarial agents (OR: 6.6; 95% CI: 1.5-28.3; P=0.012). Accordingly, this interaction was still significant after separate adjustments for the SLE disease duration until baseline, as well as sex, age, number of disease-modifying antirheumatic drugs (DMARDs), use of glucocorticoids, prednisone equivalent dose (mg/day), and mucocutaneous SDI damage at baseline (Table 3) . In a multivariate model, higher number of DMARDs tested until baseline (OR: 2.1; 95% CI: 1.1-4.0; P=0.017) and current or previous exposure to tobacco (OR: 5.3; 95% CI: 1.1-27.2; P=0.044) were independently associated with reduced treatment efficacy ( Table 3 ). The corresponding forest plot is shown in Figure 3 .
The low number of current smokers with baseline mcSLEDAI-2K >0 (n=4) limited us from conducting the same analysis for current versus former and never smokers. However, all four patients who currently smoked still had active mucocutaneous disease (SLEDAI-2K >0) at month 12.
Arthritis
At baseline, 29/62 (46.8%) patients had arthritis according to SLEDAI-2K. We observed an improvement (negative score shift) in 21/28 (75%) of these patients at month 6, and in 19/25 patients (76%) at month 12. When considering all patients, we observed decreased SLEDAI-2K scores for the arthritis domain both at month 6 (9/57 patients; 15.8%; P<0.001) and month 12 (6/49 patients; 12.2%; P<0.001) ( Figure 1 ).
According to the 28-joint count, the mean tender joint count at baseline was 5.7 (range: 0-26; n=34) and the mean swollen joint count was 3.6 (range: 0-26; n=34), with five patients having a severe joint involvement (≥8 tender and ≥8 swollen joints). At month 6, the respective counts had decreased to a mean of 2.7 (range: 0-15; n=32) for tender joints (P=0.010) and a mean of 0.7 (range: 0-8; n=32) for swollen joints (P<0.001). The observed decreases were sustained at month 12, with the mean tender joint count being 1.0 (range: 0-9; P=0.001; n=28) and the mean swollen joint count being 0.1 (range: 0-1; P=0.001; n=28) ( Figure 1 ) ( Table 2 ). Between month 6 and month 12, no further significant improvement was seen for either tender (P=0.083) or swollen (P=0.141) joints ( Table 2 ). In one of the five patients with severe joint involvement at baseline, belimumab was discontinued earlier than 6 months of follow-up due to adverse events; two of the other four patients had improved by ≥50% at month 6, and three at month 12.
In total, 20 patients displayed an articular improvement by month 12, defined as a negative SLEDAI-2K score shift for the arthritis descriptor; this was found to be irrespective of whether the patients had been exposed to tobacco smoking (P=1.0; Fisher's exact test).
Discussion
In the present study, we demonstrated that belimumab combined with standard of care therapy was an effective treatment strategy for limiting mucocutaneous and articular symptoms in a real-life clinical setting of SLE patients. Importantly, an association between tobacco smoking and poor clinical responses in mucocutaneous SLE was observed. Our findings provide important information with respect to previous reports of a negative impact of smoking on SLE disease activity and damage [14, 15] , as well as on drug efficacy [19] .
We recently reported decreasing disease activity and no significant organ damage progression during treatment with belimumab in the same clinical setting of SLE patients [26] . In the present subanalysis, we investigated the effects of belimumab on distinct organ domains, mucocutaneous manifestations and arthritis in particular. In conformity with previous findings of belimumab treatment preventing SLE damage accrual [26, 36, 37] , we confirmed a preventive effect on mucocutaneous damage progression.
We observed improvements in the mucocutaneous domain at month 6 and month 12 from treatment initiation, assessed using the mucocutaneous descriptors of SLEDAI-2K (rash, alopecia, mucosal ulcers), as well as the skin-specific and SLE-specific measure CLASI. It is worth noting that assessments with CLASI displayed a greater sensitivity in detecting improvements in cutaneous disease compared to the mcSLEDAI-2K, capturing improvements even between month 6 and month 12, despite the fact that CLASI assessments were available in fewer patients. The superiority of CLASI over mcSLEDAI-2K has been documented previously [35] ; a reasonable explanation for this discrepancy might be that CLASI is a quantitative index using a continuous scale as opposed to SLEDAI-2K which demands total absence of symptoms for a negative score shift and no grading within the weight of a specific descriptor. From a clinical point of view, this points to the importance of the use of appropriate instruments for the evaluation of disease activity and treatment response in trials, as well as in clinical practice.
Another interesting finding was an association between current or previous exposure to tobacco smoking and reduced efficacy of belimumab in the mucocutaneous organ domain.
Recently, we reported an association between smoking and a reduced and/or delayed efficacy of belimumab in relation to global SLE activity. In the present subanalysis, we found a direct effect of smoking on mucocutaneous outcomes while no impact on the arthritis domain was observed. These implications are in line with previous reports of tobacco smoking reducing the efficacy of antimalarial agents in cutaneous SLE [19, 20] , but the underlying mechanism is poorly understood.
It is worth noting that the patients of the current study received belimumab as an add-on treatment to standard of care therapy, including antimalarial agents in the vast majority of the patients. Consequently, a concern that could be raised is whether our observations reflect an effect of smoking on the efficacy of the background therapy, antimalarial agents in particular, or a more specific effect on belimumab. However, no major changes were made in the background therapy during the observation period other than an intentional reduction of the glucocorticoid dosages, which supports the notion of a specific effect of smoking on the belimumab treatment. More importantly, our result was consistent after adjustment for the use of antimalarial agents, where smoking still was found to reduce the probability of a beneficial mucocutaneous outcome with a factor 6.6. Furthermore, the association between smoking and mucocutaneous outcomes was not affected by the SLE disease duration, sex, age, number of DMARDs, use of glucocorticoids, prednisone equivalent dose, or skin damage at baseline. The mechanistic explanation of this phenomenon remains to be clarified. The hypothesis that smoking mediates the production of neutralizing anti-drug antibodies, as seen in multiple sclerosis [38, 39] , might provide an explanation and warrants investigation. It is worth noting that higher numbers of DMARDs tested until baseline, reasonably reflecting a more severe disease course, were also associated with reduced treatment efficacy in mucocutaneous symptoms.
Belimumab treatment was also found to be effective in the arthritis domain. We observed improvements both in the arthritis descriptor of SLEDAI-2K and the 28-joint count, which were irrespective of smoking status. This contrasts with previous reports of tobacco exposed RA patients showing impeded responses to TNF inhibitors [13] and rituximab [40] , and implies that the impact of smoking might differ depending on the underlying disease, possibly due to different immunologic milieus.
It has been hypothesized that smoking induces the development of anti-dsDNA antibodies [3] through increased apoptosis [7] , a known effect of smoking [41] , or immunogenicity to smoking-induced DNA adducts [3, 42, 43] . The obvious site where the tobacco smoke encounters the immune defense is the lungs, where a tobacco-induced influx of apoptosisprone neutrophils may exist [41] , providing self-antigens and triggering the production of autoantibodies. Although it remains unclear for how long after cessation this effect of smoking may be sustained, an effect of tobacco on disease severity and therapy resistance might provide an explanation to the reduced efficacy of belimumab. However, the discrepancy in the impact of smoking on the efficacy of belimumab in cutaneous versus articular SLE has yet to be elucidated.
The documentation of efficacy of belimumab in mucocutaneous and articular manifestations in patients with SLE is not novel. Post-hoc analyses from randomized clinical trials of belimumab have shown that patients with these manifestations are more likely to respond to belimumab treatment [22] , and consistent real-life experiences have also been reported [37, 44] . In the present study, we corroborated previous findings, and also showed that tobacco smoking may negatively impact the efficacy of belimumab on mucocutaneous manifestations. We also confirmed a previously documented superiority of the CLASI over mcSLEDAI-2K in detecting change [35] . Interestingly, continuous improvements after six months of treatment were documented for mucocutaneous but not articular manifestations, implying that early treatment evaluation by month 6 could be adequate for the arthritis domain, but might underestimate delayed skin improvements.
The observational design of the study, the low number of patients and the lack of a placebo arm constituted several of the limitations. Major strengths included the prospective assessment of the patients and the consistency of the surveillance tools used at the contributing centers. The real-life nature of our clinical setting might have limitations, but it eliminates the selection bias, and provides information that cannot be derived from clinical trials.
Conclusion and future perspective
In this prospective study, belimumab treatment combined with background therapy was efficacious in limiting mucocutaneous and articular symptoms in patients with SLE.
Exposure to tobacco smoking was associated with reduced efficacy of belimumab on mucocutaneous SLE, but unlike RA treated with biologics no impact of smoking on the arthritis domain was documented. Further survey of the impact of smoking on the efficacy of belimumab at a mechanistic level is merited. Forest plot illustrating results from logistic regression analysis (Table 3 ). Vertical lines group variables analyzed together in multivariate models. 
Figure legends
